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We quantified how control of a ubiquitous Great Lakes region invasive (Typha × glauca) shifts plant-
mediated C cycling and belowground dynamics. Two field experiments implemented large scale 
treatment plots (~1-ha to 3-ha) of harvesting (i.e., cut above water surface, removed biomass), crushing 
(i.e., ran over biomass), and creating connectivity channels (i.e., cut at the soil surface, create open-
water within Typha-dominated stands). In one experiment, we observed immediate C release via gas 
flux and aqueous C; harvesting and crushing caused net emission of carbon dioxide (CO2), and crush 
increased dissolved organic carbon in the surface water and particulate organic carbon in soil pore 
water. Within one year, all treated Typha stands regrew with reduced stem height, which increased light 
penetration to the water surface. Harvested stands had greater CO2 uptake relative to un-manipulated 
controls, but also had greater methane (CH4) emissions, decreasing the wetland’s capacity to sequester 
C. In another experiment, Typha remained absent from channels, leading to greater light transmission 
through the water column to the soil surface, and channels had increased soil pore water availability of 
phosphorus and potassium. CO2 and CH4 soil production rates were positively related to iron 
availability, so the interaction between carbon turnover and soil redox may counteract the effect of 
treatment. Our study suggests mechanical invasive macrophyte control can alter aboveground structure, 
carbon flux, and soil availability of certain nutrients, and these factors should be included in evaluation 






Invasive Typha control techniques alter freshwater wetland surface carbon pools and 
plant-mediated carbon fluxes 
 
Introduction  
 Globally, wetlands provide critical carbon storage (Mitsch et al. 2013, Bridgham et al. 
2006). High primary productivity of wetland vegetation promotes carbon dioxide (CO2) uptake, 
and waterlogged soils decrease aerobic decomposition, resulting in the accumulation of organic 
rich soils. Simultaneously, these conditions promote anaerobic production of methane (CH4), a 
significant carbon source with 28 times more climate warming potential than CO2 over 100 
years (Myhre et al. 2013).  The carbon balances of wetlands are increasingly relevant to 
management efforts, as wetland carbon sequestration contributes to climate regulation, and 
plant-soil-water carbon cycling is important to the overall functional diversity of a wetland 
(Mitsch et al. 2013, Bennett et al. 2009). Wetlands face various stressors including nutrient 
loading and macrophyte invasion; these systems are focal habitats for managers aiming to 
increase plant diversity and wildlife habitat or to optimize nutrient retention and stormwater 
abatement, yet carbon storage is not often a management priority (Sierszen et al. 2012). 
One of the most prevalent issues facing wetland practitioners is invasion of monotypic 
macrophytes. Across North America, hybrid cattail (Typha x glauca, hereafter Typha), common 
reed (Phragmites australis), and reed canary grass (Phalaris arundinacea) create dense and tall 
vegetative stands that out-compete native species and degrade wetland quality (Zedler & 
Kercher 2005). Effective invasive species control may require repeated action and monitoring, 
especially where environmental conditions (i.e. surrounding land-use, water level) prevent re-
establishment of native species (Quirion et al. 2018). Control of P. australis in the U.S. alone 
costs almost 5 million dollars per year, much of which is spent on herbicide application (Martin 
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& Blossey 2013), and there is increasing consensus such chemical methods are not viable long-
term solutions (Quirion et al. 2018). In an era of growing conservation concerns and smaller 
budgets, there is a need to identify ecologically meaningful and cost-effective management 
efforts.  
Non-native plants often sustain dominance via feedbacks such as altering nutrient 
cycling and biomass accumulation (Galatowitsch et al. 1999, Suding et al. 2004, Larkin et al. 
2012), so targeting these feedbacks is essential to improving wetland management outcomes.  
For example, mechanical control methods have the potential to disrupt litter accumulation, a 
main mechanism by which invasive Typha and Phragmites maintain their dense monocultures 
(Farrer & Goldberg 2009, Vaccaro et al. 2009, Holdredge & Bertness 2010). These techniques 
may restore structural complexity, catalyze regrowth from the native seed bank, increase light 
penetration, and lead to abiotic and biotic feedbacks that sustain a less-invaded state (Lishawa et 
al. 2015, Zedler 2009).  
Multiple mechanical techniques can reduce invasive plant dominance. Crushing (i.e., 
running over with an aquatic track vehicle) invasive biomass is an appealing technique because 
it is relatively low cost and it immediately reduces dense stands of vegetation (Beule 1979). 
Typha dominance, stem density and height decreased at a freshwater wetland in Costa Rica one 
year after a single treatment of “fangueo,” which consisted of shredding biomass with a metal 
paddle wheel on aquatic tractor, and is analogous to crushing biomass (Osland et al. 2011). 
Harvesting (i.e., mowing and removing) invasive biomass may promote a range of ecosystem 
services by increasing plant diversity, removing nutrient-dense plant tissues, and providing 
substrates that can be used as soil amendments or as bioenergy feedstocks (Jakubowski et al. 
2010, Carson et al. 2018). At a northern Great Lakes coastal wetland, one-time harvest 
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decreased Typha dominance and litter biomass for two years (Lishawa et al. 2015), with effects 
persisting four years post-treatment (Keyport et al. in press). Phragmites  australis aboveground 
biomass on the periphery of an Italian lake decreased two years after repeated harvest (Fogli et 
al. 2014), while mowing increased clonal spread and specific leaf area of vegetation in a sedge- 
and moss- dominated fen in Poland (Kotowski et al. 2013).  Thus, current literature suggests 
mechanical disturbance can shift plant biomass allocation, decreasing aboveground biomass in 
most cases. Still, it is unclear how this biomass shift may alter rates of primary production, 
which influence wetland CO2 uptake and CH4 emissions. While plant biomass and diversity are 
vital elements of ecosystem response to management, assessment is incomplete without 
considering plant-mediated carbon pools and fluxes. 
Scientists and land managers need to apply understanding of carbon cycling to 
assessment of wetland management efforts. In North America, freshwater wetlands are 
responsible for 45% of CO2 uptake, but contribute 54% of CH4 emissions (Bridgham et al. 
2006). Vegetation indirectly influences the gaseous products of microbial activity by mediating 
the quantity and quality of carbon substrates available for heterotrophic processes (i.e., root 
exudates; Kayranli et al. 2010).  Plants photosynthesize and directly assimilate CO2 to organic 
carbon that is allocated to biomass growth or stored in rhizomes (Kayranli et al. 2010, Ehrenfeld 
et al. 2005). Further, wetland plants release carbon via internal gas transport through 
aerenchymatous tissue; by diffusion across concentration gradients, and by mass flow across 
pressure gradients. These mechanisms transport oxygen down to the rhizosphere and soil gases 
(i.e., CH4) up to the atmosphere (Grosse et al. 1996, Laanbroek 2010, Carmichael et al. 2014). It 
is necessary to understand how management efforts affect wetland carbon cycling, in order to 
4 
 
consider trade-offs among carbon storage and other ecosystem services, such as biodiversity 
and water quality (Peralta et al. 2018, Bennett et al. 2009, Rodríguez et al. 2006).  
While evidence indicates that biomass removal has no short-term effect (one-month) on 
soil organic matter or soil nutrient content (nitrogen, carbon, phosphorus; Osland et al. 2011, 
Kandel et al. 2013), extended monitoring is needed to investigate biogeochemical responses 
over time. Aboveground clipping had no immediate effect on CH4 emissions from wetland 
mesocosms, perhaps because soil nutrient content can reduce CH4 emissions and potentially 
counteract harvest effects (e.g., ammonia can inhibit CH4- oxidizing bacteria; Rietl et al. 2017, 
Bodelier & Laanbroek 2004). In contrast, increased in-situ CH4 emissions from stems grazed by 
waterfowl have been observed (Dingemans et al. 2011, Winton & Richardson 2017), as CH4 
can directly diffuse from anoxic soil to the atmosphere via cut stems. In a European peatland, 
harvest of Phalaris led to decreased soil CH4 emissions within three months of treatment, but 
did not affect aboveground biomass or CO2 uptake relative to un-disturbed references (Kandel 
et al. 2013). These divergent trends in carbon gas flux may be due to differences in carbon 
pools, and motivated our current study of plant biomass metrics, surface and soil water carbon 
content (particulate- and dissolved organic carbon; POC, DOC, and acetate, a common substrate 
for methane production), and in-situ real-time gas measurements. 
One limitation identified in current wetland invasive plant control research is that the 
spatial and temporal scales of inquiry are not broad enough to assess comprehensive ecosystem 
response (Petersen et al. 2003, Wagner et al. 2008, Vaughn 2010). We leveraged a large-scale, 
multi-year restoration experiment in northern Michigan (USA) over more relevant spatial and 
temporal scales to quantify how mechanical invasive plant management techniques alter 
wetland plant-mediated carbon cycling. Treatments targeting invasive Typha were implemented 
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seasonally for three years, and we measured carbon-related parameters to assess both longer-
term (> one–year post treatment) and immediate (< one-month post treatment) effects. We 
hypothesized that:  
1) Longer-term Typha biomass allocation would shift in response to treatment, 
increasing belowground to aboveground biomass ratios, due to decreased live stems.   
2) Harvesting invasive aboveground biomass would increase immediate CH4 emissions 
via cut stems, but decrease longer-term carbon inputs (plant biomass, aqueous C), 
decreasing CO2 and CH4 emissions over longer-term.  
3) Invasive plant crushing would increase immediate carbon (plant biomass, aqueous C) 
availability for heterotrophic processes and increase CO2 and CH4 emissions, but this 
pulse might not persist over longer-term.   
Methods 
Experimental design- Typha has been a management concern in the northern Great Lakes region 
for over 20 years, and our study site has been a focal point of research investigating the impacts 
of Typha invasion, as Typha dominates (> 99%) the aboveground biomass (Tuchman et al. 
2009, Larkin et al. 2012). Cheboygan marsh is a Great Lakes lacustrine open-embayment 
wetland (palustrine emergent marsh) on northern Lake Huron (lat 45°39’N, long 84°28’W). 
This wetland is a benchmark site in the Great Lakes coastal wetland monitoring project (Uzarski 
et al. 2017), and is a model freshwater coastal system to investigate potential restoration 
strategies and their outcomes (Lishawa et al. 2015, Berke 2017, Keyport et al. in press).  
In 2015, 60 m x 60 m plots were established and randomly assigned management 
technique treatments (n = 5); “annual harvest” (in mid-July with a low psi Loglogic Softrak, 
Devon, UK), “multi-harvest” (in mid-July and early September with Softrak), “crush” (in mid-
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July with low psi amphibious vehicle, Ontario Drive & Gear Limited Argo, Ontario, CA), 
and Typha-dominated, un-manipulated “control.” Treatments were repeated during each growing 
season during 2015- 2017. The present study focuses on the multi-harvest (hereafter “harvest”), 
crush, and control stands (Fig. 1). We collected carbon-related metrics during the 2016 and 2017 
growing seasons (Table 1). 
 
 
Figure 1. Experimental design of invasive Typha management treatments at Cheboygan marsh; 
60 m x 60 m plots were randomly assigned and implemented treatments in 2015, and repeatedly 
treated in 2016 and 2017. The present study sampled control (black), crush (dark grey), and 
multi-harvest (hereafter harvest; light grey) plots. The annual plots were not included in the 
present study.  
Table 1. Mechanical treatments and water, plant, and abiotic sampling timeline. 





















Experimental Treatment           
Harvest X X  X  X  X  X 
Crush X   X    X   
Sampling Parameter           
Surface & pore water carbon   X  X      
Litter mass   X        
Stem density and height   X    X  X  
Root biomass   X        
Rhizome biomass   X        
Water level   X  X  X  X  
Light transmission       X  X  





Field Sampling – For plant and water sampling, we established five subplots within each 60 m x 
60 m plot; one placed in the center and four equidistant between center and corners, to minimize 
edge effects. In July 2016, we collected litter by hand (all standing dead and horizontal detritus 
within 25 cm x 25 cm quadrats), and belowground biomass using a shovel (25 cm x 25 cm area 
to ~12 cm depth) from three (randomly determined) of the five subplots. The only exception 
was our first sampling plot, a harvest plot where we sampled from four subplots. We also 
measured stem height and water depth from the soil surface using a meter stick, and counted the 
number of stems (within 1 m2 quadrats) in the same subplots. After washing away soil and 
sediment from belowground biomass with a garden hose over 2-mm mesh screens, we separated 
roots from rhizomes. All biomass was dried at 60°C for at least 72 hours and weighed, then cut 
into small fragments (~2 cm), pulverized in a ball mill (400 rpm), and stored in a desiccator 
until further analysis. Stem height and density, and water depth were recorded in 1 m2 plots in 
July 2017 at all five subplots.  
 In July and August 2016, we collected surface (at air-water interface) and pore (10 cm 
below soil surface) water. For DOC and POC analysis, we sampled surface and pore water at 
three, randomly determined subplots, and for acetate analysis we sampled pore water from all 
five subplots. All water samples were stored in 50-ml acid washed centrifuge tubes. Surface 
water was collected into tubes by immersing it directly below the water surface and capping it. 
Pore water samples were drawn using a nylon syringe and tubing from 2.54 cm diameter slotted 
PVC wells that were wrapped in fiberglass screening and were installed at least two days prior 
to sampling. We flushed the syringe three times to draw a well-mixed sample, and rinsed the 
syringe between samples. Surface water sampling for DOC was repeated in July 2017. All water 
samples were stored frozen until analysis.  
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In July and August 2017, we measured real-time CO2 and CH4 concentrations using a 
PVC-framed chamber (0.25 m x 0.25 m area x 2 m tall) wrapped with transparent UV-resistant 
PVC film, with two internal fans to circulate air, a vent tube, and sampling port (Holland et al. 
1999). We sampled at subplots near three of the four corners of the 60 m x 60 m plots, because 
we transported our equipment on a large-tracked aquatic vehicle that would significantly disturb 
the vegetation in these long-term plots. We drove the vehicle ~5 m into the interior of each plot 
and used a boardwalk to walk to gas sampling subplots, ~7 m from plot edges, minimizing soil 
disturbance during gas sampling. At each deployment, we attached an I-button temperature 
sensor (Maxim Integrated, California, USA) to the inside of the chamber to record air 
temperature, and sealed the chamber to the water surface over the plants using a floating foam 
base. We connected the chamber to a Picarro G2201-i cavity ring-down spectrometer (Picarro, 
California, USA) via Teflon tubing from the sampling port. A vacuum pump (~30 ml/min) drew 
air into the instrument during a 10-minute incubation. At the time of gas sampling, we measured 
photosynthetically active radiation (PAR) 2.35 m above the soil surface and at the water surface 
with a quantum sensor (Li-Cor LI-189), and we recorded air and water temperatures adjacent to 
the chamber.  
Lab processing- Water samples were passed through pre-combusted 0.45-nm glass fiber filters, 
and the filtrate was analyzed for DOC on a Shimadzu Total Organic Carbon Analyzer (at 
University of Connecticut’s Center for Environmental Science and Engineering analytical lab in 
2016 and at UConn’s Department of Environmental Engineering analytical lab in 2017) using 
EPA Method 415.1. To analyze POC, the remaining particulate matter on the filter was dried for 
3 days at 105°C, weighed, combusted at 500°C for four hours, and re-weighed to determine 
total organic content. Total organic content was converted to POC using the conventional Von 
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Bemmelen factor of 0.58. Acetate content was analyzed on a Dionex high-performance ion 
chromatograph at the University of Michigan Biological Station analytical lab in 2016. 
Pulverized litter, roots, and rhizomes were analyzed for C:N content on a Costech Elemental 
Analyzer in 2016.  
 Calculations and statistical analyses- We calculated total live biomass using a site-specific 
allometric equation that exponentially relates Typha stem height to biomass, and scaled all our 
dry biomass data to grams per square meter. We calculated the belowground to aboveground 
ratio by dividing the total belowground biomass (roots + rhizomes) by the living aboveground 
biomass (Typha stems), and did not include litter in this ratio because we were interested in 
differences in allocation to living tissue. 
 For gas flux calculations, measurements that indicated chamber error, such as chamber 
tipping during incubation or elevated initial concentrations due to ebullition, were excluded 
from analysis; 54 chamber incubations, 3% of CO2 rates and 20% of CH4 rates were excluded 
due to chamber error. We calculated gas flux rate as the linear change in concentration over 
time, corrected for chamber temperature, atmospheric pressure, and chamber volume, based on 
the ideal gas law (R-script shared by S. Moseman-Valtierra and R. Martin, personal 
communication). Correlation tests were used to test whether the slope of gas concentration over 
time differed from zero; p-values > 0.05 were concluded to have zero flux rates. Any non-linear 
change (R2 value < 0.8) was re-calculated using only the half of the incubation (linear change 
over first five minutes), and excluded from analysis if re-calculation did not improve fit; of 54 
chamber incubations, 2% of CO2 flux rates and 22% of CH4 flux rates were excluded due to 
non-linearity. We calculated percent light penetration by dividing PAR at the water surface by 
PAR 2.35 m above the substrate (soil) surface and multiplying by 100.    
10 
 
Within each growing season, all data were analyzed for treatment effects with linear 
mixed effects models (lmertest package in R version 3.4.1), which included plot as a random 
factor to account for repeated measures and spatial variation. In addition to treatment (control, 
crush, and harvest) and sampling date (pre/post treatment within each growing season), we 
included water depth as a covariate because dissolved compounds may be diluted by deeper 
water, aboveground biomass may grow taller in deeper water, and water depth may affect gas 
diffusion. For gas flux responses, we also included above-canopy PAR as a covariate to account 
for ambient variation in light availability that may affect photosynthesis and stomatal 
conductance. Data were log-10 transformed when necessary to meet parametric and residual 
assumptions of linear mixed effects models.    
Biomass data and plant carbon data were analyzed at the subplot level to maintain the 
highest spatial resolution possible, and were analyzed individually to test for the effect of 
treatment, surface water depth (measured at same subplot of biomass sampling) and their 
interaction. Aqueous carbon (DOC, POC, and acetate) data were aggregated to the plot level in 
order to include plot-level water depth (average of subplot data taken at biomass subplots) as a 
covariate in analysis. Aqueous C data were analyzed to test for effect of treatment, and its 
interaction with date and water depth. Similar to biomass data, because we collected all our 
parameters of interest simultaneously at the subplot level, gas flux data were left at this higher 
resolution, and were analyzed by identity (CO2, CH4) to test for effects of treatment, date, 
surface water depth, light availability, and the interaction of treatment with the three other 
terms.  
We interpreted significant effects via ANOVA Type III on model coefficients at an 
alpha value of 0.05 with Satterthwaite approximation for degrees of freedom (lmertest). When 
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categorical coefficients (i.e., treatment, date) were significant, we performed post-hoc pairwise 
comparisons on model coefficients using difference of least means squares, and interpreted 
significant differences at alpha value of 0.05. When continuous numeric coefficients (i.e., water 
depth) were significant, we plotted the parameter to observe the trend. All means are presented 
as un-transformed means ± 1 SE.  
Results  
Biomass quantity- Management treatments affected longer-term (> one year after treatment) 
biomass patterns of a common Great Lakes invasive macrophyte, Typha x glauca (Fig. 2). 
Crushing and harvesting Typha eliminated standing litter, while 562.8 ± 111.8 g/m2 of standing 
litter remained in un-manipulated Typha-dominated controls. Harvesting Typha reduced 
aboveground live biomass relative to stands where Typha was crushed or un-manipulated, and 
this treatment effect (F2, 40 = 7.8, p = 0.001) was independent of a positive effect of water depth 
(F1, 40 = 28.4, p < 0.001) on aboveground biomass. Longer-term aboveground biomass patterns 
were similar in 2017 (treatment effect: F2, 63 = 43.8, p < 0.001 and water depth effect: F1, 63 = 6.8, 
p = 0.01). The reduced biomass is likely due to harvested and crushed stands growing back with 
shorter Typha stems relative to un-manipulated controls in 2016 (F2, 12 = 16.0, p < 0.001) and 
2017 (F2, 12 = 40, p < 0.001), while stem density did not differ among treatments in 2016 (F2, 13 = 




Figure 2. Stacked bar graph of mean biomass by treatment one year after initial treatments were 
implemented (sampled in early July 2016). Belowground biomass components (i.e., roots and 
rhizomes) were sampled to approximately 12 cm depth.  
Table 2. Aboveground Typha metrics by treatment (mean ± SE) sampled one (2016) and two 
(2017) years after initial treatments were implemented. ˫ indicates data were log-10 transformed 
for statistical analysis, and within each parameter and year, letters indicate treatment differences.  
 
Unlike for standing litter, crushing and harvesting Typha had no longer-term treatment 
effect (F2, 40 = 1.7, p = 0.2) on surface litter (Table 3). When we examined rhizome and root data 
separately, we found no treatment effect (F2, 13 = 1.2, p = 0.3) on rhizome density. For root 
density, treatment had an interactive effect with water depth (F2, 36 = 7.9, p = 0.001), so it was 
difficult to discern if decreased root density in crush was result of treatment or water depth 
differences (Appendix I). Neither total belowground biomass (root + rhizome) nor 
belowground: aboveground biomass ratios differed among management treatments (p > 0.05). 
 











Biomass  ˫ 
(g/m2) 
Control 31.1 (2.7)a 205.2 (12.0)a 851.4 (179.6)a 45.1 (6.8)a 224.2 (3.8)a 1075.1 (56.2)a 
Crush 38. 2 (3.0)a 158.2 (25.7)b 322.8 (39.8)a 42.9 (3.0)a 168.1 (5.7)b 448.4 (28.7)b 
Harvest  41. 3 (2.3)a  130.6 (9.5)c 194.4 (20.4)b 48.7 (3.6)a 136.3 (7.3)c  251. 9 (39.2)c 
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Table 3. Treatment means (± SE) of biomass (g/m2), carbon and nitrogen content for surface 
litter and belowground pools, one year after initial treatment implementation (sampled July 
2016). ˫ indicates data were log-10 transformed for statistical analysis, and within each 
parameter, letters indicate treatment differences (Note: root and rhizome biomass sampled to ~12 
cm depth.)        



























































Biomass carbon- The standing litter comprised ~33% of the total litter biomass in the un-
manipulated Typha controls (Fig. 2), and constitutes an average standing litter carbon stock of 
264.6 ± 52.6 g-C/m2. Neither harvest nor crush affected other longer-term plant carbon pools, as 
the %C in surface litter, rhizomes, and roots during the subsequent season was similar across 
treatments (Table 3; p > 0.05). C:N ratios of Typha biomass components were largely 
unaffected by treatment, with the exception of a treatment effect on roots (F2, 37 = 3.6, p = 0.04), 
which had higher C:N ratios in the crushed stands (50.4 ± 3.5) compared to C:N ratios in the 
control stands (37.4 ± 3.5). This difference is likely driven by lower %N in the crush stand roots 
(Table 3; treatment effect: F2, 37 = 4.6, p = 0.02).   
Aqueous carbon- Experimental treatments did not affect surface water POC (Table 4; treatment 
effect: F2, 23 = 2.8, p = 0.07), which decreased from July to August 2016 across the marsh (date 
effect: F1, 23 = 6.0, p = 0.02). Significant interactive effects between treatment and date indicated 
distinct longer-term and immediate responses to treatments for surface water DOC (F2, 15 = 4.5, 
p = 0.03), and for pore water DOC (F2, 16 = 8.4, p = 0.003), POC (F2, 17 = 4.3, p = 0.03), and 
acetate (F2, 25 = 4.7, p = 0.02). Further, treatment and water depth had an interactive effect on 
surface water DOC (F2, 14 = 4.3, p < 0.001), and on pore water DOC (F2, 20 = 4.3, p = 0.006) and 
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acetate (F2, 25 = 4.7, p = 0.02), indicating treatments had distinct relationships between water 
depth and these water C concentrations (Appendix II).  
Surface water DOC was greater in harvested stands than in crushed stands, but neither 
treatment differed from control stands one year after initial treatment (Table 4). Crushed stands 
had more pore water acetate relative to control and harvested stands in longer-term. There was 
an immediate decrease in pore water acetate from July to August in control and crushed stands, 
but not in harvested stands, suggesting harvesting interfered with a seasonal reduction of 
acetate. Crushing caused an immediate pulse of surface water DOC and pore water POC that 
did not occur in control or harvested stands. In contrast, pore water DOC increased from July to 
August in control and harvested stands, but did not change in crushed stands. The divergent 
trend between immediate responses of pore water C substrates (i.e., increased POC and 
decreased DOC in crushed stands relative to control stands) suggests crushing may alter rates of 
C decomposition.  
Table 4. Particulate- and Dissolved- Organic Carbon (DOC, POC) and acetate treatment means (± SE) of 
surface and pore (10-cm below water surface) water. July indicates longer-term response from previous 
year’s treatment, and August indicates immediate response from present year’s treatment. ˫ indicate data 
were log-10 transformed for statistical analysis, and within each parameter, letters indicate treatment 
differences (Note: July 2017 DOC analyzed on different TOC analyzer than 2016 DOC).  
Surface Water POC
 ˫ DOC* ˫ DOC ˫ 
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Abiotic consequences- A significant interactive effect between treatment and date (F2, 49= 32.7, 
p < 0.001) indicated distinct longer-term and immediate responses to treatments for light 
transmission (Table 5). In the longer-term, a greater percent of light reached the water surface in 
the crush and harvest stands than in control stands, while immediately following treatment, light 
to the water surface decreased in crushed stands, and increased in harvested stands. There was 
an interactive effect of treatment and date (F2, 42= 13.0, p < 0.001) on water temperature; 
temperature increased from July to August in crushed plots, but not in control or harvested plots 
(Table 5).  
Table 5. Abiotic variables from gas flux plots during 2017 July and August sampling campaigns. 
Water depth and PAR above-canopy were used as covariates in C flux statistical analyses, and 
are presented here for reference. We directly tested for treatment effects on % light transmitted to 
water surface and on water temperature, and letters indicate treatment differences.   
 Water Depth (cm) PAR above-canopy (umol/s/m2) Light transmitted (%) 
Water 
temperature (°C ) 
 JUL AUG JUL AUG JUL AUG JUL AUG 














































C Flux- CO2 uptake had distinct longer-term and immediate responses to management 
treatments (Fig 3; treatment x date effect: F2, 45 = 17.1, p < 0.001). Over longer-term, there was 
increased CO2 uptake in harvested stands relative to controls. Immediately after treatment, 
crushing and harvesting Typha reduced CO2 uptake, and on average, these stands were sources 
of CO2, emitting 97.7 ± 15.5 umol/m2/min and 56.1 ± 52.4 umol/m2/min respectively.  The 
effects of treatment and sampling date on CH4 emissions were significant and independent of 
each other (treatment x date effect: F2, 30 = 1.1, p = 0.35, treatment effect: F2, 30 = 5.8, p = 0.007, 
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date effect: F1, 30 = 14.3, p < 0.001). Harvested stands had higher CH4 emissions than control 
stands in both July and August. Across the marsh, CH4 emissions increased from July to August 
(Fig 3).  
 
 
Figure 3. Boxplots of in-situ A) Carbon dioxide (CO2) uptake and B) Methane (CH4) emission 
for July and August 2017. Dotted lines indicate 2017 treatment implementation. Methane data 
were log-10 transformed for statistical analysis, and within each parameter, letters indicate 
treatment and/or date differences. 
We converted and scaled the mean gas values to estimate how treatments affect the 
radiative forcing of the wetland (Appendix III). Longer-term responses suggest that all stands 
were still net sinks of CO2 equivalents, but harvesting reduced CO2 equivalent uptake by 
approximately 30% relative to controls. The immediate radiative forcing effects are also 
noteworthy; while control stands were took up ~27 g-CO2 equivalents/m2/day, harvested stands 
were a net source of approximately ~208 g-CO2 equivalents/m2/day. 
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Over longer-term, CO2 uptake was positively correlated with aboveground biomass 
across the marsh (biomass effect: F1, 13 = 50.1, p < 0.001) and the relationship differed by 
treatment (treatment x biomass effect: F2,11 = 16.6, p < 0.001), suggesting more CO2 uptake per 
unit biomass in harvested stand than in control stands (Fig. 4A). CH4 flux rates did not vary 
with changes in biomass (F1, 16 = 1.8, p = 0.20), but there was a linear trend between CH4 
emissions and CO2 uptake (Fig. 4B; F1 = 6.5, p = 0.02) that was independent of treatment.   
 
 
Figure 4. A) Carbon dioxide (CO2) uptake vs. Typha aboveground biomass B) Methane (CH4) 
emissions vs. CO2 uptake. Each point represents a July 2017 measurement, and points are 
colored by treatment. Linear mixed effects regression indicated an interactive effect of treatment 
and Typha biomass on CO2 uptake (linear trend lines colored by treatment), but there the 
relationship between of CH4 emissions and CO2 uptake was independent of treatment.  
Discussion 
Our study addresses critical gaps in knowledge of ecosystem responses to invasive plant 
management (Petersen et al. 2003, Vaughn 2010, Wagner et al. 2008) and furthers our collective 
understanding of freshwater carbon cycling (Mitsch et al. 2013, Bridgham et al. 2006). We 
examined how large-scale (60 m x 60 m) harvested and crushed stands compared to un-
manipulated Typha-dominated control stands. Regarding longer-term (> 1 year) effects, we 
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found treatments reduced standing litter and aboveground biomass, along with increased rates of 
CO2 uptake and CH4 emission in harvested stands. We also quantified within season comparisons 
of treated stands (before/after treatment) to highlight immediate (< 1 month) effects; we 
observed pulses of surface water DOC and alterations of pore water C in crushed stands, along 
with immediate CO2 release in treated stands, and elevated CH4 with harvest.  
Long-term effects (inter-seasonal consequences) 
One year after treatment, Typha grew back shorter in mechanically treated stands relative 
to un-manipulated controls, likely because the plants were disturbed during the peak of the 
growing season and thus carbohydrates and nutrients in growing stem tissues were lost (Hall & 
Zedler 2010). However, stem density was similar across treatments, evidence of the rhizome 
storage capacity and persistence of clonal Typha (Elgersma et al. 2015, Asaeda et al. 2008). 
Typha persistence and continued dominance one year after treatment may also explain why root 
biomass was the same across treatments. 
While repeated treatment over multiple seasons may be necessary for mechanical 
management techniques to effectively draw down belowground Typha resources, the 
aboveground structural effects one year after treatment are notable. Harvesting and crushing 
Typha biomass eliminated standing dead stems, a well-known feedback that reinforces invasive 
plant dominance (Farrer & Goldberg 2009, Vaccaro et al. 2009, Holdredge & Bertness 2010). 
Treatments also increased light transmission to the water surface, which may stimulate native 
seed banks if surface water depth permits germination (Lishawa et al. 2015). Thus, both 
mechanical techniques had similar effects on aboveground structure, offering potential support 
for plant diversity and wildlife habitat.  
19 
 
It is important to consider how the fates of standing Typha litter in harvest and crush 
techniques could have different consequences on decomposition and other soil respiration 
processes that support carbon-based wetland function. Standing litter in un-manipulated stands 
had 264.5 ± 53.6 g-C/m2 and 1.6 ± 0.3 g-N/m2, substantial pools of organic matter that will likely 
become labile surface litter in subsequent growing seasons; removing this litter via harvesting 
may decrease C and N inputs to the soil pore water, while crushing it may increase C and N 
inputs to the soil pore water. Litter quantity and quality can have biochemical effects on 
decomposition rates (Elgersma et al. 2012, Grasset et al. 2017), but neither surface litter density 
nor litter C:N content differed across our treatments. While pore water DOC and POC were 
similar across treatments over the longer-term, increased acetate in the crushed stands suggests 
differences in soil water processes, potentially due to the anaerobic decomposition of increased 
plant material on the soil surface (Laanbroek 2010, Megonigal et al. 2004). Investigating carbon 
storage in rhizomes via cellulose analysis, and measuring additional specific water-borne 
substrates via spectral analysis may reveal clearer patterns of how management techniques affect 
longer-term plant-mediated C pools (Asaeda et al. 2008, Inglett et al. 2012, Rothman & 
Bouchard 2007).  
While harvesting decreased aboveground Typha stem biomass one year after treatment, 
harvested stands took up more CO2 relative to control stands. This uptake is a net value (i.e., net 
ecosystem exchange) that depends on CO2 uptake by primary producers (plants + algae) and 
CO2 release via autotrophic and heterotrophic respiration. The pattern of increased CO2 uptake 
by harvested stands could be due to the increased light transmittance to water surface we 
observed, which may increase primary production in the water column (i.e. phytoplankton; 
Yoshiyama et al. 2009). Harvesting invasive Typha increased CH4 emissions relative to controls 
20 
 
one year after treatment, but CH4 emissions were not significantly related to aboveground 
biomass, contrary to other findings (Lawrence et al. 2017, Sutton-Grier & Megonigal 2010). 
Still, the relationship between CH4 emissions and CO2 uptake suggests that CH4 production 
increases as primary production increases. We quantified linear diffusion trends of CH4 from 
approximately half of our total sampling points, and addressing the nuances (i.e. ebullition 
versus diffusion, soil emissions versus plant transport) associated with CH4 emissions would 
help us more fully understand the carbon balance response to management (Laanbroek 2010, 
Rietl et al. 2017, Rothman & Bouchard 2007).   
Immediate effects (intra-seasonal effects) 
Less than one month after harvesting and crushing, we quantified an immediate reduction in 
biomass, paired with an immediate reduction in CO2 uptake. Light transmission patterns 
reflected what structurally happened to the biomass; harvesting Typha increased light penetration 
to the water surface, and crushing Typha decreased light to water surface.  We found immediate 
increases in DOC in pore water of harvested stands, where plants were growing back, and likely 
exuding fresh C as they respired (Dijkstra et al. 2013). On the other hand, we found increased 
POC in pore water of crushed stands, where breakdown of macro-organic matter probably 
occurred at a slower rate because stem conduits bringing oxygen to rhizosphere were trampled 
(Ehrenfeld et al. 2005).  
Surface water DOC increased where Typha was crushed into the surface. This pulse of 
carbon (substrate for microbes) paired with decreased light penetration (limit on primary 
production) might explain the immediate increase in CH4 emissions in crushed stands (Morrissey 
et al. 2014, Inglett et al. 2012). Further, nutrients leaching from fresh Typha may have stimulated 
microbial processes to increase C emissions (Rietl et al. 2017, Grasset et al. 2017).  Thus, the 
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two treatments likely had different mechanisms of CH4 emissions; the greenhouse gas diffusing 
through cut stems in harvested stands (Laanbroek 2010, Dingemans et al. 2011), and anaerobic 
decomposition releasing methane from surface water in crushed stands (Megonigal et al. 2004). 
Management implications  
Our results suggest that the longer-term structural effects of harvesting may support 
management objectives of improving habitat and plant diversity, without decreasing primary 
production capacity of the wetland ecosystem. On the other hand, increased CH4 emissions 
from harvested relative to control stands constitute an ecosystem disservice in response to 
management. CO2 equivalent uptake was approximately 30% less in harvested stands relative to 
controls, suggesting the increased CH4 emissions impacted the wetland’s ability to mitigate 
sources of radiative forcing from the surrounding landscape over the longer-term. 
 Crushing biomass had immediate biochemical effects (i.e. increased DOC in surface 
water, and decreased POC in porewater) that may potentially affect internal carbon cycling. 
These chemical effects should be taken into account and monitored. In addition to carbon 
sequestration consequences, shifts in carbon can have trophic implications at multiple scales, so 
investigating these carbon pools along with waterfowl, macroinvertebrate, and microbial 
communities could help evaluate wetland functional diversity response to management. 
Ultimately, scientists and land managers should continue to apply understanding of wetland 
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Root biomass vs. surface water depth. Each point represents a July 2016 measurement, and 
points are colored by treatment. Linear mixed effects regression indicated an interactive effect 






A) Surface water DOC, B) pore water DOC, and C) pore water acetate vs. surface water depth. 
Each point represents a plot measurement. Colors represent treatment, shapes represent date; 
JUL= Pre 2016 treatment, AUG= Post 2016 treatment.  Linear mixed effects regression indicated 













Radiative forcing (in CO2 equivalents) was estimated by converting flux rates (umol/m2/min) to 
weights of C gas using their molar masses, then multiplying the CH4 data by 28. We scaled the 
net forcing to radiative forcing per area per day, and to radiative forcing per day across the area 
of our study site. (Note: sample size for methane data was smaller than sample size for CO2 data) 
 
 




Daily net forcing 
Treatment Date CO2 CH4 CO2 CH4 CO2 CH4 Net forcing g-CO2/m2/day g-CO2/day across 5.4 ha 
Control Jul 8 5 1080.95 30.82 -0.05 0.01 -0.03 -48.56 -2,622,226.92 
Crush Jul 12 7 1154.78 47.02 -0.05 0.02 -0.03 -42.75 -2,308,765.26 
Harvest Jul 11 6 1288.22 75.18 -0.06 0.03 -0.02 -33.00 -1,782,015.01 
Control Aug 4 3 853.46 42.13 -0.04 0.02 -0.02 -26.83 -1,448,692.15 
Crush Aug 8 3 -97.65 247.99 0.00 0.11 0.12 166.57 8,994,829.41 
Harvest Aug 7 6 -56.12 312.82 0.00 0.14 0.14 205.86 11,116,679.24 
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How do invasive Typha management treatments alter plant-soil feedbacks in northern 
Great Lakes coastal wetlands? 
 
Introduction 
Plant–soil interactions are important to wetland capacities to store carbon and filter 
nutrients (Ehrenfeld et al. 2005), functions that are increasingly relevant in the era of 
anthropogenic climate change and eutrophic waters. Flooded soils promote carbon accumulation 
in organic soils by enabling high rates of primary productivity, and slowing rates of organic 
matter decomposition (i.e., oxygen is quickly consumed, requiring microbes to use other 
substrates to respire). Simultaneously, dissimilatory respiration pathways can produce 
greenhouse gases (carbon dioxide, methane, nitrous oxide), but also assimilate and mineralize 
nutrients, cycling and slowing excess nutrients from runoff. Understanding the ecological 
mechanisms responsible for these ecosystems services is necessary in the context of landscape 
stressors and management efforts (Peralta et al. 2018, Petersen et al. 2003).  
Because wetlands occur at the boundaries of terrestrial and aquatic environments, and are 
often sinks for the surrounding landscape, these systems are susceptible to multiple stressors 
(i.e., nutrient-rich runoff, flashy hydroperiods, invasive propagules) that promote the dominance 
of invasive plants (Zedler & Kercher 2005). Non-native plant species, specifically clonal 
graminoids, are a prevalent management concern because their dense monocultures reduce plant 
diversity, reduce wildlife habitat quality, and alter carbon and nutrient cycling (Galatowitsch et 
al. 1999, Zedler & Kercher 2005, Frieswyk & Zedler 2007, Ehrenfeld 2010). While treating 
plants with herbicide is a common technique used in the United States to control wetland 
invasive plants (Martin & Blossey 2013), there is a resurgence of interest in using non-chemical 
control methods. Harvesting (i.e., mowing and removing) invasive biomass can increase plant 
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diversity, remove nutrient-dense plant tissues, and provide a potential source of biofuel (Lishawa 
et al. 2015, Jakubowski et al. 2010, Carson et al. 2018). Creating aquatic connectivity channels 
(i.e., cutting and drowning cut stems, and removing aboveground biomass) can promote open 
water patches, which improve habitat heterogeneity and support larval fish movement 
(Schummer et al. 2012). While these management techniques typically focus on aboveground 
structural attributes, there is little known on how these techniques affect the belowground 
dynamics (i.e., root growth, organic matter decomposition) that are critical to carbon and nutrient 
cycling. 
Plants require macronutrients (i.e., nitrogen, potassium, calcium, magnesium, 
phosphorus, and sulfur) in large concentrations, and require smaller amounts of micronutrients 
such as iron and manganese (Barak 1999). Wetland plant adaptations for surviving in flooded 
soils include aeration of soil by roots, which also exude specific enzymes for microbial nutrient 
cycling (Grosse et al. 1996, Ehrenfeld et al. 2005). Further, root exudates can facilitate uptake of 
certain nutrients (i.e., make compounds more mobile), and reduce toxic levels of other nutrients 
(i.e., make compounds less soluble; Paterson 2003). Many of the simple sugars exuded by roots 
are simply excess carbon that can be broken down via decomposition (Paterson 2003), and the 
microbial activity consuming these exudates is a key process of plant-soil interactions.  
To assess how wetland restoration affects ecosystem functioning, it is necessary to 
understand how management techniques alter the interactions between wetland root properties, 
nutrient availability rates, and microbial processes in the rhizosphere. Mechanical treatment of 
invasive plants can shift belowground biomass, and in turn affect the dominant microbial 
processes that contribute to the carbon and nutrient functions of wetlands (i.e., methanogenesis, 
methane-oxidation, nitrification, denitrification, reduction-oxidation reactions). Root biomass 
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may be a proxy for carbon exudates and oxygen availability (Welsch & Yavitt 2007, Grosse et 
al. 1996), and may be indicative of biogeochemical responses to invasive plant management. 
Because invasive macrophytes often re-grow from cut stems and existing rhizomes, harvesting 
may stimulate root growth and accelerate microbial processes (i.e., rhizosphere priming; Dijkstra 
et al. 2013). Conversely, creating aquatic channels cuts off the conduit between the atmosphere 
and rhizosphere by flooding cut macrophyte stems, so this management technique might inhibit 
root growth, reduce carbon exudates, and limit rhizosphere oxygenation. To answer ecological 
questions about how mechanical disturbance to invaded stands affects soil properties and 
processes, we leveraged a large-scale wetland management experiment conducted in Typha-
dominated wetlands in the northern Laurentian Great Lakes (USA). Specifically, we 
hypothesized: 
1) Relative to un-manipulated Typha-dominated controls, channel creation would reduce 
invasive macrophyte aboveground and belowground biomass, and result in decreased 
soil respiration rates.  
2) Relative to un-manipulated Typha-dominated controls, harvested stands would have 
more root biomass, and result in increased soil respirations rates. 
3) Channel creation would increase plant available nutrients relative to un-manipulated 
Typha-dominated controls due to reduced plant nutrient demand, but harvesting 
would not affect plant available nutrients due to active regrowth of plants.  
Methods 
Our study took place in two northern Laurentian Great Lakes coastal wetland complexes 
classified as palustrine systems with emergent vegetation (Cowardin 1979), all currently 
dominated by invasive Typha. Cheboygan marsh is on the northern shores of Lake Huron near 
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the city of Cheboygan, Michigan (USA) and St. Ignace marsh is situated just west of the 
Straights of Mackinaw in northern Lake Michigan, west of St. Ignace, Michigan (Fig. 1A). 
Experimental design- In July 2016, we implemented a complete randomized block design, with 
two blocks of treatments at St. Ignace (hereafter St. Ignace East and St. Ignace West), and one 
block at Cheboygan (Fig. 1A). Four treatment plots (32 m x 64 m each) were randomly assigned 
within each block, with all treatments present in each block (Fig. 1B): Typha-dominated control 
(Control), aboveground biomass cut and removal (Harvest), Typha-dominated control with an 
open-water aquatic channel (8 m x 48 m in middle of plot; Control + Channel), and harvested 
matrix with an open-water aquatic channel (Harvest + Channel). To harvest, we mowed and 
removed biomass 20 cm above the water surface with a Softrak harvester (Loglogic, England), 
an amphibious tracked vehicle designed to cut and remove vegetation above water with low 
ground pressure in wetland environments.  To create aquatic channels, we cut vegetation below 
the water at the soil surface using Aquatic Vegetation Groomers (Weeders Digest, USA), aquatic 
weedwackers with two circular reciprocating blades, and we completely removed all cut 
aboveground biomass and surface litter from the channels by hand. Initially, we considered 
channels and their surrounding matrices as separate treatment units, and thus sampled from six 







Figure 1. A) Wetland complex locations in the northern Laurentian Great Lakes. We established 
two experimental blocks at St. Ignace, and one block at Cheboygan. B) Example treatment block. 
Each block covered an area of 0.82 ha, and channels were 8 m x 48 m down the middle of plot, 
on the lakeward edge. Black dots indicate sampling points (four per treatment unit). 
 
In summer 2017, we established four sampling points in each of the six treatment units 
(Fig. 1B). In vegetated treatment units (harvest, control, and matrices), these points were located 
~17 m diagonally (45°) from the four plot corners to minimize edge effects, with a minimum 
distance of 6 m from adjacent treatments. In aquatic channels, sampling points were equidistant 
from each other along a transect in the middle of channel, with the first and last points 
approximately 10 m from the plot edge and inward edge of each channel.  
Aboveground structure- To quantify aboveground biomass, we counted Typha stems and 
measured Typha heights (from soil surface to top of plant) in 1 m x1 m quadrats randomly placed 
at each sampling point. We used an allometric equation (previously determined from Cheboygan 
marsh; S. Lishawa, unpublished data) that relates Typha height to biomass in order to estimate 
dry biomass (g/m2). At each sampling point, we measured photosynthetically active radiation 
(PAR) with quantum sensors (Li-Cor LI-189 for above water, and Li-Cor LI-250 A for below 
water) and water depth using a meter stick. We measured PAR above the Typha canopy at 2.6 m 
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above the soil surface, at the water surface, at 5 cm below water surface, and at the soil surface to 
calculate light transmission curves. 
Belowground biogeochemistry- To assess treatment effects on belowground properties and 
processes (i.e., soil parameters, belowground biomass, discrete nutrient concentrations, and 
carbon mineralization rates), we collected soil samples (5 cm diameter to 10 cm depth) from 
three to four sampling points per treatment unit (Fig. 1B) and composited them in the field. We 
collected three bags of composited samples per plot, and transported cores on ice to the 
laboratory (University of Michigan Biological Station). One bag of soil was immediately 
processed for bulk density, one bag was frozen (-18°C) until root analysis, and one bag was 
stored at 4°C for < two weeks and passed through a 2-mm sieve before further processing.  
Physical soil parameters- Subsamples of 2-mm sieved soils were dried at 105 ºC for 48 hours to 
determine soil water content, and soil moisture was calculated by dividing soil water content by 
dry soil weight.  The subsamples were pulverized and stored in a desiccator until analytical 
triplicates were analyzed for C and N content using a Costech 4010 Elemental Analyzer.  We 
estimated bulk density (g/cm3) on un-sieved samples that were dried (105ºC for 48 hours) and 
weighed per unit volume.  
Soil respiration- To quantify soil respiration rates, we used a static soil incubation method 
adapted from Fierer et al. (2003). Composited samples were passed through a 2-mm sieve to 
remove rhizomes and large roots, and soil respiration rates were quantified within two weeks of 
collection. We weighed three analytical replicates (~50 g soil) of each field-moist soil sample 
into glass canning jars (0.95 L), let the jars sit for ~2 hours until soil temperature was ~25ºC, and 
then attached the incubation jars to a real-time isotopic gas analyzer (Picarro G2201-i) via a 15-
port rotary-valve manifold. Incubations were kept dark with an opaque tarp.  
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Because the manifold creates a closed loop, we ran a soda lime CO2-free blank for four 
minutes at the beginning of each jar incubation to displace the previous sample from the line and 
avoid cross contamination between samples; thus the headspace of each incubation replicate was 
exposed to CO2-free air and atmospheric concentrations of CH4. The headspace was then sampled 
for eight minutes during which the concentration came to steady state (i.e., leveled off) once the 
closed loop was re-circulating headspace air. We used steady state concentrations at time 0, 3, 6, 
and 24 hours to calculate the rate of linear gas concentration change in the jar’s headspace over 
time. 
 We processed data in R (version 3.1.4) using original code in order to extract the data 
from Picarro files, identify steady state concentrations, and calculate concentration changes and 
flux rates. All linear rates were within the minimal detectable concentration differences (0.001 
ppm for CO2 and 3.3 x 10-6 ppm for CH4) for our instrument.  Using code adapted from S. 
Moseman-Valtierra and R. Martin (personal communication), we converted linear concentration 
change rates from volume/volume/time (ppm/s) to mass/volume/time (umol/s) by applying the 
ideal gas law using the jar volume, room temperature measurements (per minute by I-buttons, 
Maxim Integrated, USA), and standard atmospheric pressure (1 atm). Grams of dry soil in each 
jar were calculated using the field moist weight and soil moisture measurements of each sample, 
and then converted to grams of soil carbon using C content values from our soil C:N analysis. 
We calculated flux rates as the headspace linear concentration change per gram of soil carbon, 
because we were interested specifically in microbial activity in terms of carbon turnover.  
Soil pore water nitrogen concentrations- Subsamples of 2-mm sieved soils were centrifuged, and 
their soil water was filtered (Whatman cellulose, 45 nm) and frozen (-18ºC) until NH4-N and 
NOx-N analysis. Soil water samples were thawed, and analyzed for ammonium nitrogen (NH4-N; 
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EPA method 350.1) and nitrate + nitrite nitrogen (NOx-N; EPA method 353.2) using a 
SmartChem 200 discrete analyzer at the University of Connecticut. Check standards were run 
every 10 samples, and percent error was less than 22% on all check standards. Analytical 
duplicates were run every 20 samples.  All concentrations were above the instrument’s detection 
limit (0.085 mg/L for NH4-N and 0.047 mg/L for NOx-N).  
In-situ soil nutrient availability- To measure soil availability rates of plant-available ions, we 
installed Plant Root Simulator (PRS) probes (©Western Ag, Canada) at all four sampling points 
within each treatment unit for two weeks. PRS probes are ion exchange membranes (surface area 
= 10 cm2) surrounded by plastic casing designed for field deployment. Over the course of a 
burial period, anions continuously adsorb to probes pre-treated with bicarbonate (HCO3-) and 
cations adsorb to probes pre-treated with sodium (Na+). PRS probes at two plots were not 
recovered (St. Ignace East; channel surrounded by harvest, and harvested matrix). Post-
collection, we cleaned the probes of debris using de-ionized water and a brush, stored them at 
4ºC, and shipped them cold to Western Ag. The PRS probes were eluted with 0.5 N HCl for one 
hour to desorb ions from the ion-exchange membrane (Hangs et al. 2004). The eluent was 
analyzed for NH4-N and NOx-N using calorimetry (Skalar Continuous Flow Analyzer). Analyses 
of phosphorus (P), manganese (Mn), iron (Fe), potassium (K), and calcium (Ca) were completed 
using inductively coupled plasma optical emission spectrometry (Perkin Elmer ICP-OES 8300). 
For all analyses, Western Ag ran a standard curve for each batch of samples, and ran control 
samples every 20 samples.  
Belowground biomass- To quantify root mass and length, frozen composited soils were thawed 
and washed over a 1-mm sieve, through which mineral and organic soil material passed. The 
remaining sample consisted of live roots, rhizomes, and macro-organic matter (i.e., partially 
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decomposed roots, leaf litter debris >1mm in size). We separated rhizomes and then on 
approximately 1/8th of the remaining sample, separated roots from macro-organic matter and 
scanned the roots to estimate root length using the Smart Root plug-in within Image J. All 
biomass was dried at 65°C (≥ 72 hours). We scaled our root mass, root length, and macro-
organic matter estimates to the entire sample, and used the composite sample volume to 
standardize mass or length per unit volume.   
Data Analysis- For all analytical triplicates (soil respiration rates, moisture, C: N, and aqueous 
discrete nutrient concentrations), we omitted any value that was not within 20% of the other two 
replicates, and averaged the replicates for each treatment at each block. We used linear mixed 
effects regression (lmertest package in R version 3.4.1) analyses to test how management 
treatments affected Typha biomass, soil respiration, and soil nutrient availability. Given the 
variation across blocks, we included block as a random factor to distinguish this variation from 
random error (McCulloch et al. 2008). We also accounted for relevant environmental parameters 
in our analyses; we included water depth as a covariate in aboveground biomass analysis, 
standardized soil respiration rates by soil carbon, and included soil moisture as a covariate in 
analysis of nutrient availability. We tested for normality using the Shapiro-Wilks test, checked 
for heteroscedasticity by plotting residuals against fitted values, and log 10-transformed data to 
meet model assumptions when necessary. Preliminary analysis suggested no difference between 
the treated matrices (harvest and control) versus whole plots, nor between the two channels. In 
order to more explicitly identify effects of harvested stands and channels relative to Typha-
dominated control stands, we aggregated the treatments to harvest (harvested plot and harvested 
matrix), channel (channel surrounded by harvested matrix and channel surrounded by control 
matrix), and control (control plot and control matrix). Because we were specifically interested in 
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how restoration treatments compared to un-manipulated reference stands (not necessarily how 
channel compares to harvest), we used the lmertest summary function, which calculates t-tests 
between control and each respective treatment using Satterthwaite approximations for degrees of 
freedom. We assessed significance at p ≤ 0.05. All treatment means are presented ± 1 standard 
error (SE). 
Results 
Site characteristics- Soils at all experimental blocks were organic with low bulk density.  Since 
lake levels were high compared to long-term average values (Gronewold et al. 2015), surface 
water depths at our blocks were all ~ 50 cm (Table 1).  
Table 1.  Block averages ± SE of soil and surface water properties, n = 6 per site.   
 Soil Surface Water 
Depth (cm) 
 
% C % N % Moisture Bulk Density (g/cm3)    
Cheboygan 21.40 ± 2.09 1.26 ± 0.13 81 ± 2 0.27 ± 0.04 57.7 ± 4.0 
St. Ignace East 23.02 ± 1.03 1.32 ± 0.06 83 ± 1 0.26 ± 0.01 49.6 ±  1.0 
St. Ignace West 20.38 ± 1.15 1.13 ± 0.09 79 ± 2 0.28 ± 0.03 46.6 ±  0.6 
 
Aboveground structural metrics- One year following harvest of Typha ~ 20 cm above the water 
surface, Typha re-grew with higher density (t12 = 2.2, p = 0.05), but slightly less aboveground 
stem biomass (t12 = -1.9, p = 0.08) relative to un-manipulated control stands (Table 2). Typha 
stem biomass remained largely absent from channels (t13 = -6.28, p < 0.001) that had been 
creating using weedwackers at the soil surface.  
Table 2. Treatment averages ± SE of Typha aboveground metrics, n = 6 per treatment. (* 
indicates manipulated stand of Typha was different from un-manipulated control) 
 
 Height (m) Density (#stems/m2) Stem Biomass (g/m2) 
Control 1.92 ± 0.23 29 ± 4 692.8 ± 110.3 
Harvest 1.87 ± 0.04 38 ± 4* 507.1 ± 91.9 




The change in aboveground biomass among treatments altered patterns of light 
transmission; almost half of the available light was intercepted by the aboveground vegetation in 
control and harvested stands, while the greatest light reduction in the channels occurred in the 
water column (Fig. 2). Harvested stands and open-water channels each had significantly more 
light transmittance to the water surface than the un-manipulated control stands (harvest: t8 = 7.4, 
p < 0.001, channel: t8 = 16.1, p < 0.001), likely due to removal of standing detritus with harvest, 
and due to lack of Typha stem biomass in channels. Ultimately, harvested stands and control 
stands had a similar amount of light reach the soil surface, while a greater percentage of 
available light reached the soil surface in the channels than in controls (harvest: t9 = 1.72, p = 
0.1; channel: t9 = 6.40, p < 0.001).  
 
  
Figure 2. Light transmission through vertical profiles for each treatment (mean ± SE). Above 
canopy: 2.6 m above substrate surface. Data from St. Ignace East and St. Ignace West (n = 4 for 
each treatment). Data were log-10 transformed for statistical analysis. (For each profile level, * 





Belowground biomass- Contrary to our hypothesis, treatments did not alter root (harvest: t13 = -
0.45, p = 0.66, channel: t13 = -0.53, p = 0.60) or rhizome biomass (harvest: t13 = 1.16, p = 0.27, 
channel: t13 = 1.80, p = 0.09) relative to un-manipulated control stands (Table 3). Channels 
increased the density of macro-organic matter (>1 mm) relative to un-manipulated controls 
(harvest: t13 = 1.03, p = 0.32, channel: t13=3.15, p = 0.008). There were no treatment differences 
in root length (harvest: t13 = 0.13, p = 0.9, channel: t1 3= -1.18, p = 0.3), as there were roots 
present in the channel soil, consisting of live roots of submerged vegetation or Typha roots that 
had not yet decomposed.  
Table 3. Belowground biomass components across treatments (mean ± SE; n = 6 per treatment). 




Belowground Biomass (mg/cm3) Root length 
(cm/cm3) roots rhizomes macro-organic 
matter 
Control 2.47 ± 0.25 4.50 ± 0.4 17.58 ± 2.1 2.05 ± 0.28 
Harvest 2.27 ± 0.19 7.32 ± 1.49 19.51 ± 2.88 2.09 ± 0.17 
Channel 2.05 ± 0.42 8.90 ± 3.17 23.50 ± 1.43* 1.60 ± 0.42 
 
Soil respiration- We had predicted removal of vegetation would decrease carbon exudates to the 
soil and decrease soil respiration rates relative to un-manipulated controls, but we found no 
significant treatment effects on CO2 production (harvest: t14 = 0.89, p = 0.39, channel: t14 = 0.29, 
p = 0.77). Harvest and control soils had median values of 42.20 and 39.65 ug C-CO2/g soil C/hr 
respectively, while median soil CO2 production from channels was 30.03 ug C-CO2/g soil C/hr,  
(Fig. 3A). We observed soil CH4 production that ranged from 0.089 to 15.75 ug C-CH4/g soil 
C/hr (Fig. 3B). Neither harvesting (t12 = 1.95, p = 0.08) nor channel creation (t13 = 1.02, p = 0.33) 




Figure 3. Boxplots of soil A) CO2 production and B) CH4 production per gram of soil organic 
carbon per hour, n = 6 per treatment. CH4 data were log-10 transformed for statistical analysis.  
 
While treatments did not strongly influence root properties or soil respiration rates, we 
examined how these plant and soil parameters were related to each other. Linear mixed 
regression indicated soil CO2 production was not related to root biomass (p = 0.32) or root length 
(p = 0.81). Likewise, neither Typha stem biomass (p = 0.84) nor soil macro-organic matter (p = 
0.96) were related to soil CO2 production. CH4 production was not related to root biomass (p = 
0.66) or Typha stem biomass (p = 0.55). There was a slight trend (Appendix I; p ~ 0.1) of 
decreased CH4 production with increased root length (p = 0.13), and soil CH4 production slightly 
trended toward decreased rates in soils that had more macro-organic matter (p = 0.10). 
Soil water nitrogen- Harvested Typha stands had increased nitrate + nitrite (NOx-N) 
concentrations relative to un-manipulated controls (Fig. 4A; harvest: t14 = 3.17, p = 0.007, 
channel: t13 = -0.04, p = 1.0), but concentrations of ammonia (NH4-N) did not differ one year 
after harvest and channel creation (Fig. 4B; harvest: t11 = -1.5, p = 0.2, channel: t11 = -1.25, p = 
0.2). For plant-available N measured using PRS probes, soil NOx-N availability rates were all 




Figure 4.  Boxplots of A) concentrations of soil water nitrate + nitrite (NOX-N), and B) 
concentrations of soil water ammonia (NH4-N), n = 6  per treatment. (* indicates manipulated 
stand of Typha was different from un-manipulated control.) 
 
Soil nutrient availability rates- While there were minimal effects on soil water nitrogen, 
management treatment of invasive Typha did affect nutrient availability rates of other soil 
nutrients (Table 4). Channel creation increased availability rates of phosphorus (P) and 
potassium (K) relative to un-manipulated control stands, though other plant macronutrients (Ca, 
Mg, S) were not affected by treatment (Table 4). Rates of manganese (Mn) availability were 
lower in channels relative to un-manipulated controls, and other redox-active ions (Fe, S) were 
not affected by experimental treatment. 
To determine if nutrient availability was related to Typha biomass, we used linear mixed 
regression. Plant available P and K decreased as Typha aboveground biomass increased (Fig. 5A; 
p = 0.04, Fig 5B; p = 0.015). Plant available K also increased as soil macro organic matter mass 
increased (p = 0.03). Unlike P and K, Typha aboveground biomass did not affect Mn (p > 0.5), 




Table 4. Treatment averages of nutrient availability rates (ug/10cm2/14 days) measured by PRS 
ion exchange membranes, n=6 for control, n=5 for harvest and channel, due to missing probes in 




Figure 5. Linear mixed effects regression indicated that both A) phosphorous (P) and B) 
potassium (K) decreased with Typha aboveground stem biomass. Points are colored according to 
treatment, regressions analyzed the entire data set (n=16).  
 
To determine if nutrients affected soil respiration rates, we used linear mixed regressions. 
Concentrations of N species did not affect CO2 production (p > 0.05). However, as discrete 
concentrations of NH4-N  increased, soil CH4 production decreased (p = 0.009), and there was a 
 Control Harvest Channel 
 mean ± SE mean ± SE t p-value mean ± SE t p-value 
NH4-N 3.32 ± 1.02 3.35 ± 0.41 0.21 0.84 3.34 ± 0.66 0.25 0.81 
K 10.67 ± 2.21 10.42 ± 0.61 0.00 1.00 18.17 ± 2.45 3.30 0.01* 
Ca 2,190.01 ± 35.24 2,291.48 ± 112.42 0.88 0.39 2,162.33 ± 66.70 -0.27 0.79 
Mg 347.99 ± 21.36 334.71 ± 29.15 -0.97 0.36 348.49 ± 22.46 -0.30 0.77 
P 3.49 ± 1.20 2.80 ± 0.67 -1.02 0.33 5.88 ± 1.11 3.79 0.00* 
S 12.34 ± 1.28 12.54 ± 1.67 0.23 0.83 15.34 ± 2.50 1.44 0.18 
Fe 661.32 ± 83.75 677.46 ± 43.06 0.48 0.64 679.69 ± 50.79 0.61 0.55 
Mn 10.24± 4.46 8.03 ± 2.60 -1.12 0.29 5.06 ± 1.07 -2.44 0.03* 
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slight trend at p < 0.1 indicating as discrete concentrations of NOx-N increased, soil CH4 
production increased (p = 0.08). Finally, we found that Fe availability rates strongly and 





Figure 6. Linear mixed effects regression indicating how soil iron availability affects soil 
respiration rates of A) carbon dioxide and B) methane. Points are colored according to treatment, 
regressions analyzed the entire data set (n=16). 
 
Discussion 
Our study of plant-soil responses to Typha management suggests that mechanical 
treatment of dominant clonal graminoids can alter aboveground structure and increase soil 
availability of plant nutrients. Other belowground properties and processes, such as root biomass 
and soil respiration rates, may be indirectly affected by channel creation and harvest at the spatial 
and temporal scales of these treatments.  
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Light transmission measurements mirrored patterns in aboveground biomass; channels 
and harvested stands each had less shoot biomass and more light penetration than un-
manipulated reference stands. These aboveground structural responses aligned with our 
expectations, as similar experiments in the region also found Typha re-growth one season after 
mowing and biomass removal, and greater reduction of Typha dominance when cut shoots were 
flooded (Lishawa et al. 2015, Schummer et al. 2012, Hall & Zedler 2010). Cutting Typha below 
the water for channel creation effectively prevented re-growth from stems in the present study, 
and may be an appealing strategy to immediately reduce invasive species. However, this 
technique is labor- and time-intensive and unfeasible at large scales, due to the use of hand-held 
aquatic weedwackers versus a large tracked-vehicle harvester. Harvesting decreased 
aboveground Typha biomass one year after treatment, suggesting that removal of photosynthetic 
tissue during the peak of the growing season may decrease plant vigor over time and possibly 
shift resource allocation (Elgersma et al. 2015, Asaeda et al. 2008). Further, mechanical 
management disrupted biomass/litter accumulation, a structural feedback by which invasive 
plants maintain dominance (Holdredge and Bertness 2010), and increased light transmission 
could lead to increased native plant diversity (Keyport et al. in press). As water depth was ~0.5 
m at our sites, increased light transmission is likely to affect submerged aquatic species and 
water column phytoplankton, rather than promote native wetland macrophytes, which cannot 
germinate in extended flooded conditions (Lishawa et al. 2015, Boers et al. 2007).  
Roots constitute key biological and structural components of soil carbon and nutrient 
cycling, and their biomass and length can be a proxy for oxygen availability and carbon exudates 
in the rhizosphere (Grosse et al. 1996, Welsch & Yavitt 2007). Our belowground biomass results 
were surprising, because we expected decreased root biomass and length in channels relative to 
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the Typha-dominated controls. The notable variation in belowground biomass may be due to the 
heterogeneity of dense, Typha root networks. Our results also highlight a potential temporal 
limitation of our investigation, as the well-established Typha roots may not have broken down 
within one year. Still, increased macro-organic matter in channels relative to control stands is 
evidence for slower break down of plant material when management removes the plant conduit 
(Typha stem) between atmosphere and rhizosphere. Thus, soil organic matter and plant litter may 
constitute a greater link between plant and soil processes than root exudates (Williams & Yavitt 
2010, Welsch & Yavitt 2007). 
Complete removal of aboveground Typha via channel creation led to increased soil water 
availability of two plant macronutrients (P, K) and decreased availability of one micronutrient 
that is also redox-active (Mn). P and K availability decreased as biomass increased, and it is 
likely that reduced cover of macrophytic vegetation led to increased soil availability of two 
primary nutrients required for protein growth (P) and photosynthesis (K) (Tucker 1999, 
Lawrence et al. 2016). Mn activates an enzyme that catalyzes plant assimilation of nitrogen 
(Tucker 1999), and was more available in vegetated control stands than in channels. Mn 
availability rates were not strongly explained by Typha shoot biomass, as Mn is needed for plant 
growth in smaller amounts than P and K. Assuming increased macro-organic matter indicates 
slower rates of decomposition, then the link between decreased Mn availability rates in channels 
and increased soil macro-organic in channels is reasonable because reduction of Mn depends on 
fermentation byproducts (Laanbroek 1990).  
NH4-N and NOX-N are particularly dynamic in wetland systems, as these substrates are 
important for many plant and soil processes. The elevated NOX-N concentrations in soil pore 
water of harvested stands potentially indicate increased O2 availability in the rhizosphere of 
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harvested stands (possibly stimulated by aggressive re-growth leading to rhizosphere priming; 
Dijkstra et al. 2013). Non-detectable in-situ NOX-N availability rates were expected given the 
overall anoxic conditions of wetland soil, because nitrification requires oxygen. Thus, our NOX-
N results highlight how discrete concentrations and in-situ availability rate measurements can 
complement each other to understand plant-soil dynamics.  
There is growing evidence that Fe availability can increase wetland CH4 emissions 
(Murray et al. 2017, Dinsmore et al. 2017), and Fe availability rates were positively correlated 
with soil production of CO2 and CH4 in the present study. Our results suggest that while cutting 
macrophyte stems may not directly affect Fe availability (Keller et al. 2013), Fe can be a proxy 
for availability of oxygen and carbon in rhizosphere soil (Riedel et al. 2013, Neubauer et al. 
2007, Keller et al. 2013). PRS probes measure total elemental Fe, but we can reasonably infer 
that the Fe adsorbed to the membranes was the more mobile, water-soluble Fe (II) that dominates 
under anoxic conditions. Fe(OH)3 binds to organic matter as it precipitates via oxidation, and the 
organic matter retained by this plaque is mostly vascular plant-derived root exudates (Riedel et 
al. 2013), so more water-soluble Fe may indicate less Fe plaque and greater availability of low-
molecular weight carbon compounds. While root biomass has been positively correlated with 
Fe(OH)3 formation by others (Neubauer et al. 2007, Keller et al. 2013), we found no relationship 
between root biomass nor length with Fe availability. It is worth noting our soil incubations were 
exposed to atmospheric concentrations of oxygen before each measurement (four minute soda 
lime blank). In-situ patterns of completely anoxic CH4 production may be greater in magnitude 
than our lab incubations, or in-situ oxygenation of CH4 by root-filled soil may lead to patterns 
our observations during lab incubations.  
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Our results integrate understanding of plant-soil feedbacks with large-scale mechanical 
management efforts, and contributes to a well-rounded assessment of management outcomes. 
The increase of plant-available P and K in soil water with channel creation is noteworthy; it 
would be interesting to investigate whether surface water follows this same pattern, which could 
indicate whether nutrients are internally cycled or are potentially exported to coastal waters. 
Likewise, longer-term observations of root and litter decomposition will be important, as these 
processes could lead to increased greenhouse gas emissions. At the same time, lack of direct 
treatment patterns in rhizosphere properties and processes may indicated belowground processes 
re-equilibrate post-treatment, and continued study is necessary to assess whether this new state 
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